We study resonant photonic-plasmonic coupling between a gold dipole nanoantenna and a silicon nanodisc supporting electric and magnetic dipolar Mie-type resonances. Specifically, we consider two different cases for the mode structure of the silicon nanodisc, namely spectrally separate and spectrally matching electric and magnetic dipolar Mie-type resonances. In the latter case, the dielectric nanoparticle scatters the far fields of a unidirectional Huygens' source. Our results reveal an anticrossing of the plasmonic dipole resonance and the magnetic Mie-type dipole resonance of the silicon nanodisc, accompanied by a clear signature of photonic-plasmonic mode hybridization in the corresponding mode profiles. These characteristics show that strong coupling is established between the two different resonant systems in the hybrid nanostructure. Furthermore, our results demonstrate that in comparison with purely metallic or dielectric nanostructures, hybrid metaldielectric nanoresonators offer higher flexibility in tailoring the fractions of light which are transmitted, absorbed and reflected by the nanostructure over a broad range of parameters without changing its material composition. As a special case, highly asymmetric reflection and absorption properties can be achieved.
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This article is part of the themed issue 'New horizons for nanophotonics'.
Introduction
All-dielectric and plasmonic nanostructures have complementary advantages regarding their capabilities for controlling light fields at the nanoscale. All-dielectric nanostructures, on the one hand, have very low absorption losses and support strong electric and magnetic multipolar Mie-type resonances [1] . The latter originate from the excitation of circular displacement currents in non-magnetic, high-refractive-index dielectric nanoparticles (see e.g. [2] for a recent review on Mie-resonant all-dielectric nanostructures). Plasmonic nanostructures, on the other hand, are more compact and offer strong near-field enhancement [3, 4] . Combining photonic nanostructures of both types to hybrid architectures offers a promising route towards compact optical elements that combine low absorption losses with small footprints, while at the same time providing a high versatility in engineering the optical response of the hybrid system towards specific functionalities. Importantly, hybrid nanostructures can overcome the size mismatch between a plasmonic nanoantenna and the free-space wavelength, thereby offering a route to establish efficient optical energy transfer from free space down to the nanoscale [5, 6] . While the far-field coupling and near-field properties of the individual plasmonic [3, 4] and dielectric [7] nanoresonators are fairly well understood, a crucial prerequisite for tailoring the optical response of any hybrid metal-dielectric nanostructure beyond the mere superposition of scattered fields is control over the coupling between the plasmonic and the photonic resonances. So far, most research efforts into hybrid plasmonic-photonic systems have concentrated on coupling of plasmonic elements to various types of dielectric microcavities. For example, a hybrid system consisting of a plasmonic nanowire pair inside a Fabry-Pérot microcavity was investigated in Ameling & Giessen [8] revealing a strong mode splitting indicative of strong coupling between the plasmonic resonator and the standing wave. The hybridization of dielectric high-quality factor (Q) resonators, such as whispering-gallery-mode (WGM) resonators [9] [10] [11] [12] or photonic crystal (PhC) cavities [13, 14] , with plasmonic nanoantennas also received considerable research attention during the last years. These systems can combine the feedback provided by the high-Q WGM or PhC resonator with the strong near-field enhancement provided by a plasmonic nanoantenna in order to enhance light-matter interactions beyond what is possible with the individual building blocks [15, 16] . Along these lines, hybrid plasmonic-photonic systems have been suggested for sensitive biosensing [9, 10, 12, 13] , Purcell enhancement [15] [16] [17] , lasing [18] and nonlinear optics [15] . However, in contrast to Mie-resonant dielectric nanoparticles, WGM resonators and PhCs that are able to support high-Q cavities typically have microscale dimensions, leading to rather large footprints of the hybrid structure. More recently, hand in hand with the progress in the development of suitable fabrication methods [19] [20] [21] , several studies have focused on hybrid structures where both the metallic and the dielectric elements have nanoscale dimensions [20] [21] [22] [23] [24] . Apart from being more compact, the unique scattering properties of resonant dielectric nanoparticles [25] [26] [27] offer interesting opportunities for directional nanoantennas [23, [28] [29] [30] . Typically, such antennas consist of a metallic feed element and a dielectric director element, combining the strong Purcell enhancement provided by a plasmonic nanoantenna with the capability of a dielectric scatterer to shape the radiation into a desired pattern with high radiation efficiency [23, [28] [29] [30] .
In this work, we numerically study coupling of a plasmonic dipole resonance to the electric and magnetic dipolar Mie-type resonances of a high-index dielectric nanoparticle. Such a system represents the smallest possible hybrid metal-dielectric composite nanoparticle supporting strong localized resonances in both of its elements. In particular, we consider two distinct cases. First, we concentrate on the case where the electric and magnetic dipole resonances of the dielectric nanoparticle are spectrally separate in order to discriminate the possible coupling cases. We then shift our attention to the case where its electric and magnetic dipole resonances are spectrally matched and hence the dielectric nanoparticle exhibits the unidirectional scattering characteristics of a Huygens' source. 
Results and discussion
A sketch of the model system considered in this work is shown in figure 1 . It consists of a gold nanorod and a silicon nanodisc. The gold nanorod supports an electric dipole resonance that can be excited by a plane wave polarized along the nanorod axis, whereas in the silicon nanodisc, a linearly polarized incident plane wave excites an electric and a crossed magnetic Mie-type dipole resonance. The spectral position of these three resonances can be tailored by the geometry of the silicon nanodisc [27, 31, 32] and of the gold nanorod, respectively. This system is chosen because of the well-known properties of its building blocks as well as because of its demonstrated experimental accessibility by two-step electron-beam lithography [21] . Furthermore, the polarization dependence of the gold nanorod provides a convenient reference case to the coupling case by choosing an input polarization for which the plasmonic antenna resonance along the rod cannot be excited. Despite the resemblance of the geometry to that studied in our previous works [21, 23] , where directional behaviour induced by multipolar interference with the quadrupole mode of the silicon nanodisc was investigated, here smaller size parameters s/λ, where s is a characteristic dimension of the nanodisc, are chosen in order to enter a regime of dipolar-dominated magnetoelectric resonance coupling. The cross section of the gold nanorod is taken as W × T = 40 nm × 40 nm. The length L is kept variable and used to systematically tune the resonance frequency of the plasmonic mode in order to probe different coupling conditions. Height and diameter of the silicon nanodisc serve as the control parameters for the relative spectral positioning of the resonances. All our calculations are performed using the commercial software package CST Microwave Studio. For the dielectric function of gold, we use experimental parameters from Johnson & Christy [33] . The silicon refractive index is taken as n Si = 3.5, which is a good approximation in the spectral range of interest where dispersion is low. The distance between the nanorod axis and the nanodisc surface is d = 95 nm. The entire system is embedded into a homogeneous isotropic background medium with a refractive index of n = 1.45. We use periodic boundary conditions with a lattice constant of a = 670 nm, such that only the zeroth diffraction order can propagate at the frequencies of the plasmonic and photonic resonances of interest and our system can be regarded a metasurface [21, 32] . First, for reference purposes, we calculate the linear-optical transmittance and reflectance spectra for the individual elements composing the hybrid structure. These results are summarized in figure 2 . Figure 2a shows calculated transmittance spectra of the gold nanorod for y-polarized incident light for a systematic variation of the nanorod length from 140 to 250 nm in 10 nm steps. As expected, a plasmonic resonance is observed, which redshifts for an increase of the nanorod length. Transmittance and reflectance spectra of the nanodisc are shown in figure 2b for a nanodisc diameter of D = 500 nm and a height of H = 150 nm. Silicon nanodiscs have a well-known modal structure, which was previously studied by multipolar decomposition [21, 23, 27, 31] , allowing us to clearly identify its electric and magnetic dipole modes from the near-field characteristics. For the mentioned parameters, the electric and magnetic dipole resonances of the silicon nanodisc appear at 1237 and 1115 nm wavelength, respectively, and show a clear spectral separation. This changes when we tune the dimensions of the silicon nanodisc to H = 220 nm and D = 470 nm, as shown in figure 2c. For these parameters, the resonances are shifted into a spectral overlap at a wavelength of approximately 1260 nm. Obviously, the silicon nanodisc array becomes highly transparent, an effect that is exploited in Huygens' metasurfaces [32, 34] for wavefront manipulation with high transmission efficiency [35] [36] [37] [38] . nanodisc diameter to D = 500 nm and its height to H = 150 nm. Figure 3a shows the transmittance of the hybrid system for a variation of the gold nanorod length. Clearly, the electric and the magnetic dipole resonances of the silicon nanodisc interact very differently with the plasmonic resonance. While a simple resonance crossing is observed for the electric dipole resonance, an anticrossing behaviour is observed for the magnetic dipole resonance. An anticrossing is the signature of strong coupling between two resonators, leading to a hybridization of the resonator modes. It occurs whenever the coupling strength, which determines the size of the mode splitting, is larger than the losses in the system, which determine the width of the resonances. Anticrossings can be observed for any strongly coupled resonator system independent of the physical origin of the resonant excitations. For example, similar anticrossing behaviour was previously also found for coupling between ferromagnetic resonance magnon modes and electromagnetic resonance modes [39, 40] . As such, in our hybrid system, the fact that we see a clear anticrossing indicates the formation of a pair of plasmonic-photonic hybrid modes. The hybrid nature of the modes is further underpinned by their mode profiles. The interference of the optical near-fields excited in the nanostructure with the incident radiation is shown in figure 3b for the parameters marked by the labels i-vi in figure 3a . Away from the anticrossing, the mode signatures exhibit the usual plasmonic or Mie-type characteristics, respectively, as shown in i-iii for L = 240 nm. The magnetic dipole mode of the silicon nanodisc (i) is characterized by a circulating electric field, its electric dipole mode (ii) by a maximum of the electric field at the nanodisc centre and the electric dipole mode of the plasmonic nanorod (iii) shows the typical electric field enhancement at its tips. In the region of the anticrossing, in contrast, we observe a strong change in the mode profiles. As shown for L = 180 nm, an antibonding (iv) and a bonding (v) mode extending over the entire metaldielectric structure are formed. The electric dipole mode (vi) of the silicon nanodisc, in contrast, remains almost unchanged, as it is spectrally sufficiently separated from the two other modes. We have also calculated the mode profiles (not shown) for the crossing of the plasmonic mode and the electric dipole mode of the nanodisc. Although an interaction between the two modes is also evident, a clear hybridization cannot be observed for the assumed structure parameters, which is consistent with a weaker coupling strength in this case, which derives from the weaker spatial overlap of the two modes. Next, we also analyse the reflectance and absorbance spectra of the hybrid structure for y-polarization and compare them for front illumination (from the gold nanorod side) and back illumination (from the silicon nanodisc side). These results are shown in figure 4a-d. We find a pronounced difference between the reflectance and absorbance spectra for the two illumination directions, which becomes most pronounced for the resonance crossing of the plasmonic mode and the electric dipole mode of the silicon nanodisc for a rod length of L = 190 nm. For this case, ( f ) figure 4e,f shows a comparison for the spectra of the hybrid structure for the two orthogonal polarizations. While for x-polarization, the spectra are barely changed compared with those of the nanodisc structure without the gold rod and show no asymmetric reflectance, for y-polarization a strong difference of up to 80% is observed in the vicinity of the resonance crossing in the reflectance and absorbance spectra depending on the illumination direction. These results indicate that hybrid structures consisting of a Mie-type resonator and a plasmonic nanoantenna provide a versatile platform for tailoring asymmetric reflectance and absorbance without having to change the material composition of the structure. In contrast to purely plasmonic systems, the hybrid structure covers the parameter space of high reflection and vanishing absorption. Furthermore, by reciprocity asymmetric absorption in the gold nanorod is associated with directional emission for a system where the nanorod is driven from the near field, e.g. by a nanoemitter. length from 180 to 250 nm in 10 nm steps. To allow for direct comparison with the hybrid nanostructure, the transmittance spectra of the individual gold nanorod for y-polarized incident are provided in figure 5a. Figure 5c shows the transmittance of the hybrid system, corresponding absorbance spectra are shown for front and back illumination in figure 5b and d, respectively. In figure 5e ,f, we compare the spectra for a nanorod length of 230 nm for the two orthogonal linear polarizations. For this gold nanorod length, the resonance wavelengths of the rod and of the silicon nanodisc are in close proximity. Remarkably, the transmittance is strongly suppressed over a broad spectral band which has approximately twice the full width at half maximum compared with the gold nanorod resonance alone. Obviously, considering that for overlapping resonances the nanodisc array alone is highly transparent, these observations cannot be explained by a simple superposition of the nanorod and the nanodisc intensity spectra. Instead, the coupling between the gold nanorod and the silicon nanodisc lifts the resonant forward scattering condition in the latter, such that the electric and magnetic dipole resonances of the silicon nanodisc contribute to the pronounced transmittance minimum of the hybrid structure. Interestingly, not only the reflectance, but also the absorbance is strongly increased around the position of the overlapping nanodisc resonances despite the very low absorption losses of the silicon nanodisc in the spectral region of interest. This is another indication for coupling between the two elements, where the presence of the photonic resonance mediates enhanced absorption in the plasmonic nanorod.
Conclusion
Here, we have performed numerical calculations to study the optical properties of a hybrid metaldielectric nanostructure consisting of a plasmonic nanorod and a silicon nanodisc. The structure dimensions and the spectral region of interest were chosen such that the system is dominated by the electric and magnetic dipolar resonances of its elements as well as their interplay. Our results demonstrate that such hybrid nanostructures offer a flexible route to tailoring absorption in the structure and to achieve strongly asymmetric reflection. Furthermore, we observe that strong coupling between the electric dipole resonance of the plasmonic nanorod and the magnetic dipole resonance of the silicon nanodisc leads to the formation of a photonic-plasmonic hybrid mode in the structure.
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